We are studying the mechanisms of transcriptional activation by nuclear receptors and we focus our studies on the glucocorticoid regulation of the model tyrosine aminotransferase gene. Rather than using in vitro biochemical approaches, we determine the actual events occurring in the cells. Our experimental approaches include genomic footprinting, chromatin immunoprecipitation, in situ hybridization and transgenic mice. Our results show that the glucocorticoid receptor uses a dynamic multistep mechanism to recruit successively accessory DNA binding proteins that assist in the activation process. Chromatin is ®rst remodelled, DNA is then demethylated, and the synthesis of an accessory factor is induced. Ecient transcription induction is ®nally achieved upon the formation of a`stable' multiprotein complex interacting with the regulatory element. We discuss: the relative contribution of histone acetyltransferases and ATP-dependent remodelling machines to the chromatin remodelling event; the nature of the remodelled state; the contribution of regulated DNA demethylation to gene memory during development; the mechanisms of regulated DNA demethylation; the dynamics of protein recruitment at regulatory elements; the control of the frequency of transcription pulses and the control levels of the cell-type speci®city of the glucocorticoid response. Oncogene (2001) 20, 3028 ± 3038.
Introduction
In the last two decades, our understanding of eucaryotic gene transcription has progressed enormously and a number of players involved have been identi®ed, mostly through biochemical approaches (Lemon and Tjian, 2000 ; for a recent review). The limit to biochemical analyses is that they are aimed at reconstituting in vitro what is believed to occur in vivo.
In vivo analyses are thus essential to fuel the biochemical approaches and to establish their biological relevance. For example, the contribution of chromatin to gene regulation was overlooked for a while by transcription biochemists before in vivo approaches modi®ed the trends. Nowadays, even pioneers of the early biochemical approaches recognize that higher order chromatin structure and nuclear organization must be taken into account to make sense out of the in vitro data (e.g., Lemon and Tjian, 2000) .
Initially, eucaryotic gene regulation studies were aimed at understanding the regulation of a limited number of model genes but presently, the profusion of transacting factors and of proteins interacting with them (coactivators, corepressors,) has distracted many researchers from such an approach. However, it is clear that the actual regulation of any single target gene is still only barely understood. We believe that the understanding of many general mechanisms would gain much from thorough analyses of the regulation of a limited number of model genes, particularly if some of these analyses are performed in living cells. We have focused our research activity on the analysis of the regulation of one model gene by one model transcriptional regulator, namely the transcriptional activation of the rat tyrosine aminotransferase (Tat) gene by the glucocorticoid receptor (GR). The earliest study of this regulation was over 40 years ago (Lin and Knox, 1957) and much additional work has followed (Tomkins, 1971; Granner and Hargrove, 1983; SchuÈ tz et al., 1986) . In particular, a strong emphasis has been put on the study of this regulation in living cells using genomic footprinting Reik et al., 1991; Rigaud et al., 1991; EspinaÂ s et al., 1994 EspinaÂ s et al., , 1995 . Two properties of the GR make it a valuable model regulator: (1) it acts as an inducible transcription factor that can be turned on and o readily by just adding or removing its ligand from culture medium, thus allowing a dynamic analysis of GR's mode of action in living cells; (2) GR is expressed in most tissues in the animal, but regulates a set of target genes that diers in each tissue, thus allowing the study of the mechanisms governing cell-speci®c activity of a widely expressed regulator. We review herein our current understanding of the regulation of the model Tat gene by the GR, with an emphasis on past and ongoing experiments from our laboratory.
So many coactivators for nuclear receptors: is it not too crowded?
Members of the nuclear receptor (NR) superfamily regulate transcription in a ligand-dependent manner. Due to their biological and medical importance, they have been extensively studied and are probably the best-understood transcription factors. Ligand binding induces a conformational change within the NR that modi®es extensively the spectrum of interacting proteins (Wurtz et al., 1996; Glass and Rosenfeld, 2000; Robyr et al., 2000; for reviews) . This property has allowed the isolation of a large number of proteins interacting in a ligand-dependent manner, mostly using two-hybrid screens. These proteins are generally assumed to be either coactivators or corepressors even though the experimental proofs of these assumptions are sometimes ambiguous. Given the multiplicity of putative coregulators, it is clear that they cannot all interact simultaneously with NRs. This raises a number of questions (see also, Glass and Rosenfeld, 2000) : Are all these`coregulators' used by NRs? How many of these coregulators are receptorspeci®c or recruited by a receptor in a cell type-or gene-speci®c manner? What are the essential determinants of the speci®city of recruitment of a coactivator by a NR: is it the anity of the NR-coactivator interaction, the cooperativity in the recruitment of a coactivator through multiple interactions with NRs and other DNA binding proteins bound at nearby sites, other transcription regulators competing for a limited supply of coregulator, or the nuclear sublocalization and availability within the nuclear space where a given target gene resides? Does transcriptional regulation of a target gene by a NR require the action of a single or of multiple coregulators, and if multiple, are they all recruited simultaneously or in a sequential manner? It is likely that NRs use several coregulators to regulate many target genes since at least two distinct levels of action of these receptors have been clearly established: chromatin remodelling and action on the basal transcription machinery (Becker et al., 1984; Zaret and Yamamoto, 1984; Wong et al., 1997; Glass and Rosenfeld, 2000; Robyr et al., 2000) . We address several of these questions with the study of the transcriptional activation of the Tat gene by the GR.
GR action requires cooperation with many DNA binding proteins interacting with glucocorticoid-responsive units (GRU)
NRs recognize a relatively short DNA sequence, in most cases 5 ± 6 nucleotides long for a monomer, and some degeneracy in the motif can be tolerated (Beato, 1989 ; for a review). As NRs generally bind DNA as either a homo-or a hetero-dimer, the overall motif recognized is longer. Nevertheless, the sequence appears too short to account for the speci®city of target recognition achieved in vertebrates. Within cells, additional factors contribute to this speci®city, notably DNA binding proteins interacting with sites surrounding the NR target sequences. These proteins presumably stabilize the interaction of NRs with DNA. The requirement for such additional DNA binding proteins was ®rst demonstrated for GR, and the assembly of binding sites for GR and other factors has been termed a glucocorticoid-responsive unit (GRU; SchuÈ le et al., 1988) . These DNA binding proteins not only provide speci®city to target gene recognition, but they also allow discrimination between various NRs that recognise identical sequences (Adler et al., 1992) , and add layers of control to the hormonal response.
The glucocorticoid (Gc) induction of the Tat gene is mediated through cooperative interaction of two GRUs located at 72.5 kb and 75.5 kb (Grange et al., 1989) . The Tat GRUs consist of numerous contiguous and overlapping binding sites for the GR and other transcription factors, including members of the C/EBP, HNF-3 and Ets families (Jantzen et al., 1987; Grange et al., 1991; EspinaÂ s et al., 1994; . The structure of the key 72.5 GRU is represented in Figure 1 . The GRU is crowded with transcription factor binding sites within a 200 bpregion. As assessed from transient transfection analyses, most of these factors appear to contribute positively to the Gc response. Point mutations, carefully chosen through in vitro analysis to disrupt selectively the binding of a single transcription factor, reveal the hierarchy of the relative contribution of these factors (EspinaÂ s et al., 1994; Roux et al., 1995) . The GR appears to be the key player as mutation of the high anity GRE2 binding site inactivates the GRU (unpublished results). None of the other factors appear to play such an essential role on their own since inactivation of a single of their binding sites has only a slight eect on the Gc response (EspinaÂ s et al., 1994; Roux et al., 1995) . However, altogether they are essential. For example, when all the Ets-and HNF3-binding sites are inactivated, the GRU is also inactive despite the presence of all other binding sites, including those of GR. We call accessory factors the proteins Figure 1 Schematic representation of the 72.5 Tat GRU region. The relative location of the transcription factor binding sites, the dinucleotide CpGs with their methylation status, and the extent of the region where chromatin is remodelled following glucocorticoid stimulation are indicated. DR0-TF: transcription factor(s) interacting with the DR0 site; MeS-TF: methylationsensitive transcription factor that contribute slightly but additively to the activity of the GRU.
Consistent with a cooperative binding model, the requirement for these accessory factors can be overcome whenever suciently stable interaction of GR is achieved: an arti®cial GRU consisting of a properly positioned dimer of the high anity GRE2 site confers a strong Gc response in transiently transfected cells and in certain tissues of transgenic mice (EspinaÂ s et al., 1994; Sassi et al., 1995 Sassi et al., , 1998 . However, this minimal GRU diers from the Tat GRUs in many aspects, including cell-type speci®city, developmental regulation and cross-talk with other hormonal pathways, showing that the accessory factors provide additional regulation to the Gc response EspinaÂ s et al., 1995; Sassi et al., 1995 Sassi et al., , 1998 Thomassin et al., 2001) .
Multistep mode of action of GR during transcriptional activation
We used genomic footprinting to analyse transcription factor interaction with the 72.5 GRU in cultured cells. Through a detailed in vitro analysis with puri®ed proteins and DNAse I and dimethylsulfate (DMS), we could establish speci®c signatures of the interaction of most of the GRU-interacting factors. This allowed us to monitor the recruitment of these factors throughout the Gc response in liver-derived cells where the Tat gene is hormone-inducible EspinaÂ s et al., 1994 EspinaÂ s et al., , 1995 . In the hepatoma cell line H4II that we studied most extensively, the various activation steps spread over a 2-day period, thus facilitating the kinetic analysis of the process. In the absence of Gc, a single binding site is occupied by a factor of the Ets family (EspinaÂ s et al., 1994) . Following hormone addition, all the other accessory factors are recruited sequentially through a cascade of events initiated by the activated GR (Figure 2) . First, the chromatin is remodelled at the GRU, early after hormone addition (15 min; Grange et al., 1989; Rigaud et al., 1991) allowing HNF-3 recruitment EspinaÂ s et al., 1995) . However, no stable interaction of GR with DNA is detected at this step, showing that GR does not need to remain associated with the GRU to allow HNF-3 interaction. This suggests a hit-and-run mode of action of GR . The transient interaction of GR must occur regularly as the continuous presence of Gc in the culture medium is required to maintain the remodelled chromatin state as well as HNF-3 interaction with the GRU (Reik et al., 1991; EspinaÂ s et al., 1995) . These ®ndings indicate that the half-life of the open state induced by GR is longer than the half-life of the interaction of GR with the GRU. The transient nature of the interaction of GR with its target sites has been recently con®rmed by an independent approach, using a GFP-GR fusion protein (McNally et al., 2000) .
Second, the CpGs within the GRU become demethylated in 2 ± 3 days (Thomassin et al., 2001 ).
This slow demethylation allows the progressive recruitment of two additional transcription factors at sites that contain CpG(s) (MeS-TF and DR0-TF in Figure  1 ). Once established, the demethylation is stable and resists Gc withdrawal in contrast to all the other GRinduced events. When the gene is stimulated a second time, recruitment of these factors and transcription activation occurs more rapidly. Thus, DNA demethylation has provided gene memory to the Gc response. Even when the GRU is demethylated, GR interaction with DNA does not occur frequently enough to be detected by genomic footprinting in the ®rst hours of the Gc response.
Third, with a time course of 1 ± 2 days that is similar for cells with either a methylated or a demethylated GRU, a more stable recruitment of both C/EBP and GR is simultaneously achieved (unpublished results). GR itself is not modi®ed during this period, but C/EBP levels are markedly increased due to the transcriptional activation of the C/EBP-b gene. This elevation of the C/EBP level appears to be responsible for the increased occupancy of the C/EBP sites within the Tat GRU. Finally, by genomic footprinting, we detect the interaction of GR with the GRU only when all the accessory factors are recruited. Thus, the interaction of GR with DNA is stabilized by the accessory factors within the macromolecular complex formed at the GRU. In parallel to this stabilization, transcription of the Tat gene occurs more frequently as assessed by¯uorescent in situ hybridization (FISH) analysis of nascent transcripts.
In conclusion, the GR appears to use several mechanisms to recruit the various accessory factors and to promote the formation, at the GRU, of a complex that will eciently activate the transcription machinery at the downstream Tat promoter. We call the macromolecular complex formed at the GRU thè GRUsome'.
Chromatin remodelling: what is really happening in living cells?
It has been known for many years that GR is able to promote local chromatin remodelling, since Gc treatment promotes the formation of DNAse I hypersensitive sites (HS) around some of the GR target sequences (Becker et al., 1984; Zaret and Yamamoto, 1984) . The two best-studied GRUs where such a Gc-dependent remodelling occurs are the mouse mammary tumour virus (MMTV) enhancer and the 72.5 Tat GRU. Besides the distinct origins of these regulatory sequences (viral vs cellular gene), the major dierence between them is that the MMTV GRU lies within a proximal promoter where transcription initiation takes place, whereas the Tat GRU is a remote enhancer 2.5 kb upstream of the promoter.
What is the nature of this chromatin remodelling process and how could a NR promote such a remodelling? Among the various putative NR coactivators identi®ed, two classes are believed to be, at least in part, involved in a modi®cation of chromatin: protein acetyltransferases (usually referred to as histone acetyltransferases or HATs) and members of the Swi/ Snf family of ATPase-containing chromatin remodelling complexes (Glass and Rosenfeld, 2000; Robyr et al., 2000) . In vitro, histone tail acetylation facilitates transcription factor access to mononucleosomes (Lee et al., 1993) and facilitates the unfolding of the chromatin structure within nucleosomal arrays (Workman and Kingston, 1998) . The Swi/Snf family of chromatin remodelling machines uses ATP hydrolysis to catalyze chromatin¯uidity in a manner that is not yet well understood (Kingston and Narlikar, 1999) . In the presence of these remodelling machines, nucleosomes appear more mobile.
Several acetyltransferases have been shown to interact speci®cally with liganded NRs: The p300/ CBP proteins, P/CAF (the mammalian homologue of yeast GCN5), and some members of the p160/SRC-1 family (Glass and Rosenfeld, 2000; Robyr et al., 2000) . The members of each of these three families possess several protein ± protein interaction surfaces that allow them to interact together or with various surfaces of the NRs, suggesting that in vivo these proteins are recruited by NRs as a complex. Using chromatin immunoprecipitation (ChIP) in cultured cells, it has been shown that both the estrogen and retinoic acid receptors can induce a transient ligand-dependent increase in histone H3 and H4 acetylation at the promoter of some target genes, in parallel with a transient recruitment of p300, of the p160/SRC-1 isoform ACTR, and of RNA polymerase II (Chen et al., 1999) . The arguments in favour of an involvement of a Swi/Snf remodelling complex are weaker but convergent. The hBrm ATPase can cooperate with GR in transient transfection (Muchardt and Yaniv, 1993) , and GR-induced chromatin remodelling at the MMTV GRU can be inhibited by another NR that is believed to act through competition of the hBRG1 ATPase (Fryer and Archer, 1998) . Both acetyltransferases and ATP-dependent remodelling machines have been shown to be involved in NR function using in vitro assays (e.g., Dilworth et al., 2000) .
We used a combination of ChIP and genomic footprinting with various nucleases to probe the GRtriggered chromatin remodelling at the 72.5 Tat GRU. To exclude a possible contribution of DNA methylation, we studied cells where DNA demethylation of the GRU was achieved prior to analysis. We compared cells that were not treated with Gc to cells that have been cultured in the presence of Gc for 2 days, when 80% of the Tat gene population is actively engaged in transcription as assessed by FISH analysis. When probed with DNAse I, both at low-(indirect end-labelling) and high-resolution (genomic footprinting), the remodelling occurs over a roughly 350 bp region including all accessory factor binding sites detected within the GRU (see Figure 1) . The DNAse I HS site seen at low resolution appears, at high resolution, to result from slightly increased DNAse I cleavage rates at multiple positions throughout (but not beyond) the 350 bp region. Despite the absence of strict rotational positioning, the modi®cation of the DNAse I pattern induced by Gc is reminiscent of what is observed in vitro following Swi/Snf remodelling. Indeed, in vitro Swi/Snf remodelling of a precisely positioned mononucleosome modi®es its reactivity toward DNAse I by converting the cleavage pattern from a 10 bp repeat to a pattern resembling, but not identical to, that of naked DNA (Workman and Kingston, 1998) . This suggests that an ATP-dependent remodelling machine is responsible for the formation of the GR-induced DNAse I HS site. This conclusion is further supported by several observations indicating that histone acetylation is not responsible on its own for this remodelling. First, the acetylation of both histone H3 and H4 tails within the GRU is markedly increased following a 2-day Gc treatment. However, this acetylation spreads on both sides of the GRU, far beyond the remodelled area detected with DNAse I (unpublished results). Furthermore, histone hyperacetylation induced by treatment with the deacetylase inhibitor Trichostatin A (TSA) does not trigger the appearance of a DNAse I HS site, regardless the analysis method, in conditions where TSA induces other modi®cations of chromatin structure. To recapitulate, GR induces both a hyperacetylation event that spreads, as well as a remodelling event that remains local and is presumably due to ATP-dependent remodelling machines. The contribution of histone acetylation to the modi®cation of chromatin structure and to gene activation therefore is not clear in this system.
We also investigated the nature of the GR-induced chromatin remodelling using high-resolution analysis of micrococcal nuclease (MNase) cleavage. MNase cleaves preferentially within the linker region and then trims down the linker DNA up to the nucleosomal boundaries. Two independent studies used such an approach to study GR-induced chromatin remodelling at the MMTV GRU in mammalian cells (Fragoso et al., 1995; Truss et al., 1995) . In both studies, the authors found no modi®cation of the nucleosome boundaries upon hormone induction, leading to the conclusion that the nucleosomes were neither removed nor shifted upon remodelling. The studies disagree about the precision of the nucleosome positioning at the MMTV GRU. Truss et al. (1995) found that the nucleosomes are precisely positioned, whereas Fragoso et al. (1995) found frequency-biased occupation of multiple nucleosome frames. The mapping approaches used in these two studies dier but they both have technical aspects that could modify the conclusions and partly explain the discrepancy. A major problem is that the proportion of gene copies that are remodelled and actively engaged in transcription was not determined. If it is below 30 ± 50%, the analyses could have missed the remodelled state, particularly as it is more sensitive to nuclease cleavage. We assessed blunt-end double-stranded MNase cleavage in the Tat GRU with the same LM-PCR approach used by Truss et al. (1995) , but tested an extensive range of MNase concentrations, analysed with multiple primer sets. Several alternative nucleosome positions can be detected with such an experimental setting, in agreement with the conclusions reached by Fragoso et al. (1995) . Frequency-biased occupancy of multiple nucleosomal frames describes well the in vivo situation. Furthermore, there is no evidence of nucleosome shifting or removal upon remodelling, even in conditions where restriction enzyme accessibility and FISH analyses reveal that hormone induction shifts the proportion of remodelled GRU from 2 to 80%. The only detected modi®cation is an increase in the eciency of MNase cleavage in the linker region induced upon remodelling. Subtle dierences in the MNase pattern close to the nucleosome boundaries also suggest a modi®cation in the way the linker histone H1 interacts. Interestingly, an early ChIP analysis of MMTV revealed a Gc-induced decrease in the amount of H1 that can be cross-linked to the GRU (Bresnick et al., 1992) .
We draw several conclusions from these studies. GRinduced nucleosome remodelling does not result in nucleosomal boundary disappearance but may rather aect the architecture of inter-nucleosomal and oligonucleosomal regions. This remodelling does not necessarily cause nucleosome repositioning. Transcription factor access to DNA does not necessarily require precise nucleosome positions and does not necessarily involve nucleosome repositioning. As a consequence, many factors must ®nd their way to DNA wrapped around nucleosomes in quite distinct manners, which may seem counterintuitive. The chromatin¯uidity achieved by remodelling machines may, in part, serve this purpose.
Regulated DNA demethylation and gene memory during development
The methylation of cytosine (C) within the dinucleotide CpG contributes generally to the inactivation of regulatory elements, in part through modi®cations of chromatin structure involving histone deacetylation (reviewed in Bird and Wole, 1999) . Changes in DNA methylation of regulatory sequences are observed during vertebrate development, but it is still controversial whether these are regulatory changes contributing to the control of gene expression and whether they provide memory of regulatory events during development (e.g., Walsh and Bestor, 1999) . The data of our analysis of the induction of the Tat gene by Gc argue for a signi®cant contribution of DNA demethylation to gene memory during development.
In the H4II hepatoma cell line, the Cs within the 4 CpG dinucleotides that lie in the 72.5 Tat GRU are methylated prior to Gc stimulation (Figure 1 ). This methylation does not prevent the early steps of the Gc response, i.e., chromatin remodelling and HNF-3 recruitment that take place within the ®rst hour of Gc treatment . As mentioned previously, following prolonged Gc treatment, these 4 CpGs are demethylated in a slow process that requires up to 2 ± 3 days to be complete. As the GRU becomes progressively demethylated, two additional transcription factors are recruited at sites neighbouring or overlapping the methylated Cs (MeS-TF and DR0-TF in Figure 1) . In contrast to chromatin remodelling and transcription factor recruitment, demethylation is stable and does not revert even after 3 months of culture in the absence of Gc. When cells are stimulated a second time, i.e., 1 month after a 3-day Gc treatment, not only HNF-3, but also the MeSand DR0-TFs are recruited within 1 h. Transcription induction is faster and stronger the second time, particularly within the ®rst 4 ± 8 h of hormonal stimulation, most likely because of the recruitment of these additional factors. Thus, traces of the ®rst Gc stimulation have been memorized in parallel to local DNA demethylation of the GRU.
To establish the developmental signi®cance of this regulated DNA demethylation, we have investigated its timing during rat development. In the rat foetus, a concentration peak of circulating Gc precedes birth by 2 ± 3 days (Sassi et al., 1998; and references therein) . This peak prepares various organs for the major metabolic adaptations required by extra-uterine life (Tronche et al., 1998) . At birth, the Tat gene is induced in the liver in response to hypoglycemia. This induction is mediated by the GRUs, as seen in mice with a transgenic construct where the GRUs control a housekeeping promoter (Sassi et al., 1998) . The GR appears essential for Tat gene induction because such induction does not take place in GR-KO mice (Tronche et al., 1998) . However, the accessory factors of the Tat GRUs are also essential, since a GRE dimer does not confer induction at birth (Sassi et al., 1998) . Thus, it is tempting to speculate that the GR is needed for neonatal induction through the Tat GRUs because GR allows the recruitment of the transcription factors mediating the response to hypoglycemia.
GRU demethylation takes place essentially in the last days preceding birth, speci®cally in liver, with a kinetic that follows the prenatal Gc peak. This regulation is also observed with in vitro culture of foetal hepatocytes (embryonic day 15): Gc treatment induces rapid chromatin remodelling and subsequent slower GRU demethylation as in hepatoma cells. Transcription of the Tat gene is not induced signi®cantly in utero. Thus, the developmental demethylation occurs in the absence of transcription induction. The GRU itself does not appear refractory to Gc stimulation before birth since the transgenic GRU construct is partly responsive to Gc injection at this stage, in contrast to the Tat gene. The absence of prenatal induction may be due to the inactivity of the proximal promoter. Indeed, in contrast to the GRU, the promoter remains methylated before birth and is demethylated only later. In hepatoma cells, where the promoter is active and demethylated even in the absence of Gc, transcriptional activation initiates before GRU demethylation. Since the prenatal Gc peak triggers GRU demethylation, and since demethylation allows recruitment of additional transcription factors, we propose that prenatal demethylation is important for the optimal response of the GRU to the hypoglycemia event that occurs at birth. In our model, developmental induction of the Tat gene occurs in two steps: glucocorticoids ®rst prepare the gene by remodelling chromatin at the GRU and by inducing demethylation. These two processes then allow subsequent optimal response of the GRU to a second signal, i.e., hypoglycemia. The prenatal inactivity of the promoter contributes to the delay between the ®rst and second steps.
The ambiguous nature of the data that support a role for DNA methylation in the speci®c regulation of gene expression during development has led to the proposal that methylation participates in highly specialized functions (allele-speci®c gene expression and silencing of parasitic sequences) and plays only a very minor role in the regulation of vertebrate development (Walsh and Bestor, 1999 ). This proposal is based on the observation that DNA demethylation is not sucient to turn on a tissue-speci®c gene and, in most cases, does not precede gene activation. Our analysis of the Tat GRU is in agreement with these observations, but reveals two additional features of the contribution of DNA demethylation to tissue-speci®c gene expression that leads to quite dierent conclusions. First, DNA demethylation aects gene expression only when chromatin remodelling is triggered by a regulatory factor. This can be deduced from the observation that the demethylated GRU is neither active nor loaded with transcription factors in the absence of Gc. Second, DNA demethylation is a consequence of regulatory element activation rather than its cause, but can occur independently of transcriptional activation for a regulatory element distinct from the proximal promoter. In this way, demethylation appears to contribute to the ®ne-tuning of gene expression and to provide memory of a regulatory event during development. It is conceptually more satisfying that DNA methylation plays such a role during development, in addition to its specialized functions. Indeed, it is likely that regulated demethylation mechanisms have not been selected during evolution for allele-speci®c gene expression or silencing of parasitic sequences since these processes seemingly should remain irreversible.
How does DNA methylation aect transcription factor recruitment at the GRU? It could interfere with factor interaction either directly through alteration of the DNA surface that the factor recognises, or indirectly by recruiting repressors that promote the formation of repressive chromatin structure (Bird and Wole, 1999) . In the case of the MeS-TF, the inhibition of factor interaction by DNA methylation seems to be exerted directly as shown by in vitro analysis that reveals the presence of a methylationsensitive DNA binding activity interacting speci®cally with that site. In contrast, an indirect eect is more likely for the DR0-TF because no eect of DNA methylation on factor interaction is visible in vitro. Such an indirect eect accounts presumably also for the modalities of the interaction of HNF-3, the binding sites of which are 10 or 60 bp away from the closest CpG. Indeed, even though HNF-3 can be recruited eciently to the GRU when chromatin is remodelled and the CpGs methylated, it interacts even more eciently when the GRU is demethylated. These results indicate that the GRU is more accessible upon DNA demethylation and that this increased accessibility diers from the remodelled state of chromatin induced by the GR. These dierences of accessibility could be exerted through methylation-induced modi®cation of the chromatin structure, for example through the recruitment of histone deacetylases by a methyl-CpG binding repressor (Bird and Wole, 1999) . However, no stable interaction of proteins with the methylated CpGs is detected by genomic footprinting, and TSA treatment does not facilitate the transcription Oncogene Multistep mode of action of steroid receptors T Grange et al factor recruitment induced by DNA demethylation. Alternative possibilities must be considered, for example: (1) other components of the methyl-binding repression complexes, like Sin 3, could exert a deacetylase-independent eect on accessibility (Bird and Wole, 1999) ; (2) DNA methylation could aect the interaction of members of the linker histone H1 family with nucleosomes (Schwarz et al., 1997; and references therein, and Nightingale and Wole, 1995;  for a contradictory view); (3) the demethylationdependent recruitment of the MeS-TF provides a nucleation site allowing or facilitating the recruitment of the other methylation-sensitive transcription factors.
The observation that regulated DNA demethylation of an endogenous gene occurs in cultured cells provides us with a tool to study, in minimally manipulated living cells, the mechanisms of DNA demethylation. Indeed, these mechanisms are far from being elucidated and in vitro analyses have produced several controversial observations. In principle, demethylation could be achieved either by an active or a passive mechanism (Jost, 1996 ; for a review). Following replication, the newly synthesized DNA strand does not contain methylated Cs and the CpG sites are hemimethylated. The methylation pattern is promptly re-established by the maintenance methyltransferase Dnmt-1 that acts preferentially on hemimethylated CpGs and that directly follows the replication fork through its interaction with PCNA (Chuang et al., 1997) . Passive demethylation would result from inhibition of the maintenance methylation. Active demethylation could be achieved by enzymes that remove either the methyl group of the cytosine on DNA without other modi®cations (Bhattacharya et al., 1999) , or the methyl-cytosine by cleaving the glycosidic bond (Zhu et al., 2000a,b) , or the entire 5-methylcytosineguanosine dinucleotide (Weiss et al., 1996) . The ®rst activity is highly controversial because of the amazing biochemistry of the reaction and the puri®cation steps , and the absence of independent reproduction of the results (Ng et al., 1999; . The third mechanism has not yet been characterized molecularly and key aspects of this activity were re-evaluated later (Swisher et al., 1998) . The second mechanism, involving either one of two glycosylases, has not yet gained wide acceptance as it is not clear if the DNA repair activities able to perform this reaction under particular in vitro conditions are involved in the demethylation reaction in vivo. Fully passive demethylation is an inecient process that requires three rounds of replication to achieve 87.5% of overall CpG demethylation. Active demethylation would be more ecient and could even occur in the absence of replication in some instances (Wilks et al., 1984) . Since the more convincing DNA demethylases behave like DNA repair enzymes and introduce DNA strand breaks during the reaction, models should take into account the fact that the simultaneous demethylation of a C on each strand, either from the same or from neighbouring CpGs, would introduce a doublestrand break, a potentially damaging event. An active demethylation process directly following a passive inhibition of maintenance methylation would ensure ecient and total demethylation in a single replication event while avoiding introduction of these doublestrand breaks.
Our analysis of the Tat GRU demethylation argues in favour of a replication-dependent mechanism because demethylation is both slow and sensitive to the doubling rate of the cells. Still, our preferred model is a passive-active mechanism, where the hemimethylated CpGs would be actively demethylated following replication. The diculty raised by such a model is to understand how targeting of the corresponding enzymatic activities is achieved by the regulatory DNA binding proteins. Indeed, this model implies that instructions are transmitted by the transcription factors (GR or another accessory factor like HNF-3) to the replication machinery to modify its behaviour so that the parental strand is demethylated instead of the newly synthesized strand being remethylated. Such instructions could be transmitted by proteins that either interact directly with the DNA binding proteins, or recognize the remodelled state per se. Since, in the Tat GRU, demethylation is local and remains restricted to the four CpGs that are within the remodelled chromatin region (see Figure 1) , instructions must be transmitted only transiently so that the replication machinery regains its standard behaviour once it has passed through the GRU. Our data allow the exclusion of an alternative model whereby proteins binding nearby the CpG would occupy their site following replication quickly and eciently enough to prevent Dnmt-1 action (e.g., Hsieh, 1999) . Indeed, the interactions of the MeS-TF and DR0-TF rather follow than precede CpG demethylation. We are currently exploiting further this experimental system to determine the reactions that occur in living cells during the demethylation of an endogenous gene in a`natural' chromatin environment.
Modulation of the frequency of transcriptional pulses through the progressive recruitment of proteins at an upstream enhancer DNA demethylation is not the only slow process occurring during the Gc response of the Tat gene in H4II hepatoma cells. Genomic footprinting reveals that high occupancy levels of the GR and C/EBP sites are progressively obtained in 1 ± 2 days with a time course that appears to be independent from the initial methylation status of the GRU (unpublished results). No modi®cations of GR levels or in vitro DNA binding properties are detected following a 1-day Gc treatment of these cells. In contrast, levels of C/EBP DNA binding activities are increased 5 ± 10-fold due to transcriptional activation of the C/EBP-b gene. This increase in C/EBP levels presumably tilts the balance from a level too low to permit ecient occupancy of the C/EBP sites within the GRU to a level high enough for such occupancy. High occupancy of the high anity GR binding site is only observed when C/EBP is recruited, or in fact almost any of the other accessory factors. This leads us to propose that the interaction of GR with DNA is stabilized by the accessory factors within the macromolecular complex formed at the GRU, the GRUsome. Indeed, numerous protein ± protein interactions can occur within the GRUsome. GR can interact with both HNF-3 and C/EBP (Nishio et al., 1993; Sugiyama et al., 1998) , and GR and C/EBP can interact with common coactivators through distinct domains (Mink et al., 1997; Chen and Ramos, 2000) . Thus, the progressive recruitment of the various accessory factors through diverse mechanisms would ultimately allow the formation of a huge nucleoprotein complex where the interaction of each component would be stabilized through multiple interactions with several other components of the complex.
The dynamic nature of the interaction of the transcription factors with the GRU results in a dynamic output since transcriptional activation appears to be unstable in the early phase of the Gc response. We have assessed transcriptional activation by analysing nuclear foci of Tat pre-mRNA simultaneously with cytoplasmic mRNA accumulation using two-colour FISH with intronic and cDNA probes, respectively (unpublished results). Nuclear foci of pre-mRNA have been shown to colocalize with the originating gene and their staining intensity in part re¯ects the transcriptional activity of this gene (Wijgerde et al., 1995) . We analysed cells that were previously treated by Gc for 3 days to avoid interference with modi®cations of the methylation status of the GRU. In the absence of Gc, traces of Tat mRNA are detected in every cell, whereas gene transcription is detected sporadically in some cells: about 2% of the Tat gene copies appear to be transcribed actively at a given moment. The presence of cytoplasmic Tat mRNA in all cells indicates that, in each cell, the Tat genes are transcribed at some time. Upon Gc induction, the proportion of Tat gene copies being transcribed at the time of ®xation rises progressively to reach 80% after 2 days of Gc stimulation. The transcription of one gene in a cell does not appear to aect the probability that the other gene is transcribed. At intermediate stages of the Gc response, there are more cells that have accumulated Tat mRNA in the cytoplasm than there are cells actively transcribing the gene. Thus, the gene seems to be transcribed in pulses, as observed in other systems (Wijgerde et al., 1995; Newlands et al., 1998) . Transcription stimulation appears unstable at stages when HNF-3, MeS-TF and DR0-TF are already recruited but GR and C/EBP do not yet interact eciently. With the increase in the occupancy levels of the C/EBP-and GR-binding sites, transcription appears more frequent, i.e., the pulses are longer or the interval between pulses shorter. Transcription is initiated at the proximal promoter, but transcription induction does not result in the recruitment of novel DNA binding proteins there: genomic footprinting reveals that the promoter is already loaded with transcription factors even in the absence of Gc . Thus, the increased frequency of the transcriptional pulses appears to result from the increased stability of the GRUsome that may then more eciently interact with the transcription machinery at the promoter.
Presently, the genomic footprinting approach has given us insights into the dynamics of DNA protein interactions within the GRUsome. Yet, we obtained little information to describe the dynamics of coregulators interacting with the DNA bound proteins. Since the interaction of the DNA binding proteins with the GRU is unstable, it is likely that the coactivators interacting with them also reside only transiently at the regulatory element. ChIP analyses of transcription induction of another gene by the estrogen receptor has revealed such an unstable recruitment of coactivators (Chen et al., 1999) . In that case, transcription induction was only transient, peaking 1 h after hormone induction and terminating 6 h after. The receptor, the coactivators p300 and ACTR, and RNA polymerase II were recruited at the promoter 1 h after hormone addition. Six hours later, all these proteins, but not the receptor, had left the promoter. The dissociation of the coactivators is presumed to result from the acetylation of ACTR by p300 because this acetylation decreases the stability of the interaction of ACTR with the receptor in vitro. In contrast, in the case of Gc induction of the Tat gene, we have not observed a transient activation of transcription. There may be many reasons for this dierence, in addition to the possibility that acetylation of ACTR and destabilized interaction with GR do not occur at the Tat GRU. The nature and the dynamics of coactivator recruitment may vary widely between regulatory elements if the coactivators recognise the surface created by several contiguous DNA bound factors instead of recognizing a single domain of a single DNA binding protein. Modi®cation of a single interface within the macromolecular complex may have dierent consequences depending on the number and nature of the other interfaces holding the complex together. As multiple events occur during the activation process, and as dynamic recruitment of DNA binding proteins is observed, it is tempting to speculate that several dierent coactivator complexes are recruited successively to perform dierent tasks, the nature of which evolves with time according to changes in the composition of the GRUsome.
Levels of control of the cell-type speci®city of the Gc response
The GR is expressed in most cell types but the responses it elicits dier widely between cells. To shed light on the control of the tissue-speci®city of the Gc response, we have investigated the basis of the liverspeci®city of the Tat gene induction in transgenic mice using several Gc-responsive reporter constructs. The results indicate that the tissue-speci®city of the Gc Oncogene Multistep mode of action of steroid receptors T Grange et al response is controlled at three dierent levels. First, a GRU appears unable to activate a promoter that has not already been opened by another regulatory element, suggesting that GR is not able to trigger all types of chromatin-opening events. Second, the accessory factors required for the function of a GRU need to be present in an active form. Third, the GR does not have the same regulatory capabilities in every tissue, suggesting that it does not recruit the same set of coactivators.
When comparing the dierent behaviours of various constructs carrying the Tat GRUs, it becomes clear that additional regulatory elements are required to turn on a promoter in transgenic mice, even though it contains sucient information for activity in in vitro transcription or in transient transfection assays. Within the context of the Tat gene 5'-¯anking region, fragments containing the Tat GRUs and promoter but missing an upstream regulatory sequence cannot be turned on in the liver (Beermann et al., 1993) . When the GRUs are placed upstream of the HSV thymidine kinase promoter, they can activate it when analysed with transient transfection assays. However, in the liver of transgenic mice, where this promoter is inactive, they are unable to turn it on (Sassi et al., 1995) . In contrast, in the same tissue, the GRUs can activate a housekeeping promoter that is active at a basal level (Sassi et al., 1995) . Altogether, these results indicate that the GRUs cannot activate a fully repressed promoter: another class of regulators must have triggered some preceding chromatin-opening event before GR can act and initiate the multiple downstream events described here. Such a prerequisite would undoubtedly restrict the number of genes GR can act on in a given tissue. However, this mechanism is certainly not the only one that ensures tissuespeci®city.
The contribution of the accessory factors to the tissue-speci®city of the GRU activity was ®rst observed in cultured cells and later con®rmed in mice (Sassi et al., 1995) . Using the same target housekeeping promoter allowing basal expression in every tissue, we have compared the response mediated by the Tat GRUs, which rely on both GR and accessory factors for activity, to that mediated by a dimer of high anity GR-binding sites (GRE), which relies only on GR ± GR cooperativity. The second regulatory element conveys a broader Gc response. The GRUs are active essentially only in liver and pancreas, two organs that have a close developmental relationship and that express the accessory factors binding the Tat GRUs (Sassi et al., 1995) . The Tat gene is not Gcinducible in pancreas, suggesting that the chromatinopening event required for GRU activity has not been achieved for the Tat gene in this tissue. In contrast to the Tat GRUs, the GRE dimer is active in several organs in addition to liver and pancreas. The most striking dierence is observed in kidney, which does not express any HNF-3 isoform: the GRE dimer is a very potent Gc-dependent activator whereas the GRUs are inactive. Thus, accessory factors within GRUs contribute the second level of control of the tissuespeci®city of the Gc response.
Our most surprising observation is that the GRE dimer, controlling a housekeeping promoter that is expressed at a low-level in most tissues tested, is not a potent activator in all tissues. The amplitude of the activation varies from less than twofold to several 100-fold in about 10 dierent organs tested (unpublished results) . No correlation between this Gc-response and either the level of expression of GR, or the activity of the housekeeping promoter in dierent transgenic lines can be made. The most striking extremes are lung and liver, lung being the organ where the GRE dimer is almost inactive unlike liver where it is most active. Both organs have similar GR levels, are important Gc targets (GR-KO mice die because of lung defects; Tronche et al., 1998) , and have a similar basal activity driven by the housekeeping promoter. This indicates that GR has dierent abilities to activate the transcription machinery in dierent tissues and suggests that it may not act on the same set of transcription activation steps in every tissue. Interestingly, a fully functional GR DNA binding domain is not required for lung maturation, suggesting that the essential regulatory steps aected by GR in this tissue do not involve transcriptional activation through DNA recognition . Thus, not only is this mode of activation not essential, but it appears it is also not even functional in this tissue.
This result suggests that the set of coactivators available to the GR is not identical in all tissues. This could be explained by some of these coactivators having a marked tissue-distribution (e.g., Knutti et al., 2000) . Alternatively, the coactivators might be present but unavailable to GR, because of proteins competing with either of the interaction surface or due to covalent modi®cation of these surfaces. Thus, the coactivator sets used by GR might vary in a dynamic, in a GRUspeci®c, and in a tissue-speci®c manner.
Perspectives
Multiple potential coactivators, multiple activation steps, and multiple targets that seem to require dierent coactivators: how can we establish a connection between the recruitment of a given coactivator and one activation step or a subset of functions in a subset of cell-types? We are now aiming to answer this question by forcing the recruitment of a subset of coactivators while preventing the interaction of others. To achieve this, we have created chimeras between various coactivators or trans-activation domains, the GR DNA binding domain, and a mutant form of the ligand binding domain of the estrogen receptor that does not bind estrogen but can be activated by the antagonist tamoxifen (Littlewood et al., 1995) . These chimeras are expected to be recruited to the GR binding sites following addition of a ligand that does not normally activate GR. Then, they should activate transcription through the complexes recruited by the fused coactivator fragment. In this experimental set up, transcriptional activation through the activation functions of NR is impeded since the AF1 domain is deleted and the AF2 domain of ER is non-functional due to the presence of the antagonist (Shiau et al., 1998) . Some of these chimeras are indeed able to act on the Tat GRU, both on transient templates and on the endogenous Tat gene. We are currently analysing whether these chimeras elicit only a subset of the activation steps and act on a subset of the GR-target genes. In this way, we hope to identify who is responsible for what in this GRUsome story.
